In plants, the genome of the host responds to the amplification of transposable elements (TEs) with DNA methylation. However, neither the factors involved in TE methylation nor the dynamics of the host-TE interaction are well resolved. Here, we identify 5,522 long terminal repeat retrotransposons (LTR-RT) in the genome of Oryza sativa ssp. japonica and then assess methylation for individual elements. Our analyses uncover three strong trends: long LTR-RTs are more highly methylated, the insertion times of LTR-RTs are negatively correlated with methylation, and young LTR-RTs tend to be closer to genes than older insertions. Additionally, a phylogenetic examination of the gypsy-like LTR-RT superfamily revealed that methylation is phylogenetically correlated. Given these observations, we present a model suggesting that the phylogenetic correlation among related LTR-RTs is a primary mechanism driving methylation. In this model, bursts of transposition produce new elements with high sequence similarity. The host machinery identifies proliferating elements as well as closely related LTR-RTs through cross-homology. In addition, our data are consistent with previous hypotheses that methylated LTR-RT elements are removed preferentially from regions near genes, explaining some of the observed age distribution.
Introduction
Transposable elements (TEs) engage in a tug-of-war with their host: TEs invade the host genome, proliferate rapidly, and cause mutations. These mutations can be adaptive when TEs are domesticated as genes or contribute towards regulatory networks (Bennetzen 2000; Feschotte et al. 2002; Biémont and Vieira 2005; Cordaux and Batzer 2009 ). However, most TE insertions are deleterious with mutational effects that range from interruptions of coding regions to ectopic recombination events that cause large-scale chromosomal rearrangements (Langley et al. 1988; McDonald et al. 1997; Petrov et al. 2003; Yang et al. 2007 ).
TE proliferation is countered both by natural selection and by the epigenetic response of the host genome, which is mediated primarily through the action of small interfering RNAs (siRNAs). siRNAs recruit protein complexes to modify histones and methylate DNA (reviewed in Lisch 2009 ). The latter results in cytosine methylation in three different sequence motifs-CG, CHG, and CHH-where "H" represents a nucleotide other than G. DNA methylation contributes both to the pre-transcriptional silencing of TEs (Federoff 2000; Okamoto and Hirochika 2001; Slotkin and Martienssen 2007) and to chromatin remodeling, which represses both gene and TE transcription (Okamoto and Hirochika 2001; Zilberman et al. 2007) .
In evolutionary terms, TE methylation may have both a positive and a negative effect (Hollister and Gaut 2009) . The positive effect is the suppression of TE activity, which limits the generation of deleterious mutations; the negative effect is altered-and usually repressed-transcription of genes near methylated TEs (mTEs) (Slotkin and Martienssen 2007; Suzuki and Bird 2008; Lister and Ecker 2009; He et al. 2010; Hollister et al. 2011 ). This effect is thought to be negative in part because mTEs near Arabidopsis thaliana genes are under stronger purifying selection than TEs elsewhere in the genome (Hollister and Gaut 2009) , suggesting they are weakly deleterious. As a consequence of this purifying selection, mTE insertions near genes are removed rapidly from the genome. For example, only relatively recent mTE insertions are found near genes in A. thaliana, but older mTE insertions can be found far from genes. In addition, unmethylated TE (uTE) insertions have no obvious age distribution with respect to their location near genes (Hollister and Gaut 2009) , suggesting again that methylation is a key component for the interaction between TE insertion and natural selection.
Despite the epigenetic response and its interaction with selection, TEs seem to be winning the tug-of-war within plant genomes. For example, DNA derived from TEs constitutes >85% of the maize (Zea mays ssp. mays) and barley (Hordeum vulgare) genomes (Tenaillon et al. 2010) . Considering that the average angiosperm genome is larger than either, the inescapable conclusion is that most extant angiosperm nuclear DNA is derived from TEs (Tenaillon et al. 2010) . Moreover, plant genomes can change rapidly in size ß The Author 2012. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com. due to TE proliferation. For example, the genomes of maize, rice and cotton species have at least doubled in size within the last $5 million years due to transposition (SanMiguel et al. 1998; Piegu et al. 2006; Hawkins et al. 2009 ).
These rapid changes have been largely attributed to proliferation of long-terminal repeat (LTR) retrotransposons (RT), which "copy and paste" through an RNA intermediate (Kidwell and Lisch 2001; Feschotte et al. 2002; Kalendar et al. 2011; ). LTR-RTs represent the majority of the TE-derived portions of plant genomes and have a canonical structure that include LTR sequences, target site duplications and conserved protein-coding domains (Casacuberta and Santiago 2003; Gao et al. 2004; Chaparro et al. 2007; Wicker and Keller 2007; Du et al. 2010; Kalendar et al. 2011) . These structural features are used by sequence-based algorithms to annotate LTR-RTs de novo (McCarthy and McDonald 2003; Ellinghaus et al. 2008; Kronmiller and Wise 2008; Steinbiss et al. 2009; Kalendar et al. 2011) . Once annotated, the insertion date of an LTR-RT may be estimated from sequence divergence between its paired LTR sequences (SanMiguel et al. 1998; Wicker and Keller 2007; Baucom et al. 2009 ). Given the ubiquity of LTR-RTs, their study is integral to understanding plant genome evolution.
Here, we examine patterns of LTR-RT methylation in the Oryza sativa ssp. japonica (hereafter "rice") genome. We have chosen to study rice for three reasons. First, rice represents a tractable system; it has a smaller genome than most other plants (C&400 Mb) (Arumuganathan and Earle 1991; Goff et al. 2002; Yu et al. 2002) that is also well annotated. Second, despite its relatively small genome, $40% of the rice genome is comprised of repetitive DNA sequences (Goff et al. 2002; Yu et al. 2002) , with a substantial portion of the genome comprised by LTR-RTs (Casacuberta and Santiago 2003; Gao et al. 2004; Chaparro et al. 2007; Wicker and Keller 2007; Du et al. 2010; Kalendar et al. 2011) . Finally, single-base resolution methylome sequence data are available for rice (Goff et al. 2002; Zilberman et al. 2007; Lister et al. 2008; Lister and Ecker 2009; Zemach et al. 2010) , representing one of only three higher plant genomes with for which TE methylation can be investigated from currently available data. Altogether, the rice genome presents a fitting model to study the relationship among LTR-RT methylation and their genomic distributions.
Our overall goal is to decipher the factors that correlate with, and perhaps contribute to, the methylation of LTR-RTs so that we can understand the dynamics of the tug-of-war between TEs and plant genomes. To do so, we first examine the relationship among the methylation of individual rice LTR-RTs, their estimated age of insertion, and their proximity to an annotated gene. Based on previous studies, we expect that the genomic methylation machinery will target recent LTR-RT insertions, whereas older elements have variable methylation profiles and are likely farther from genes. We next focus on the gypsy-like LTR-RT superfamily, which has the highest copy numbers known to date within plant genomes ( Du et al. 2010; Raghuvanshi et al. 2011; Tenaillon et al. 2011) and estimate the phylogeny of gypsy-like TEs in rice to investigate methylation patterns in a phylogenetic context. With these analyses, we are able to address the following questions: 1) Is the distribution of methylation and TE insertions consistent with the trade-off effects already noted in A. thaliana? 2) What factors correlate with the methylation of individual LTR-RT insertions, and might these correlates provide insights into the mechanism and properties of the epigenetic response? Overall, our analyses contribute to the nascent understanding of the dynamics between TEs and their plant hosts.
Materials and Methods

De novo LTR Retrotransposon Annotation in Oryza
The age of individual LTR-RT insertions from the japonica rice genome have been estimated and are publicly available (Gao et al. 2004; Chaparro et al. 2007; Vitte et al. 2007 ). However, some of these data sets were based on previous rice genome assemblies, lacked annotation of both of the LTR sequences, or failed to identify internal coding domains. We therefore conducted de novo annotation of LTR-RTs from the most recent assembly of the japonica rice genome (assembly 5) (Rice Annotation Project 2007 .
We used LTRharvest and LTRdigest (Ellinghaus et al. 2008; Steinbiss et al. 2009 ) to annotate LTR-RTs, employing parameters previously described for rice LTR-RTs (average length = 7.15 Kb, expected average length = 5-9 Kb; Kumar and Bennetzen 1999; Gao et al. 2004; Chaparro et al. 2007; Vitte et al. 2007; Lerat 2010) . The annotation algorithm searches for canonical features of full-length or near fulllength LTR-RTs: sequence identity ($85%) and size (100 bp to over 5 Kb; Kumar and Bennetzen 1999; Casacuberta and Santiago 2003) of LTRs, distance between LTRs, the presence of target site duplications (4-6 bp), and internal motifs (e.g. primer binding sites; poly-purine tract; and open reading frames; Ellinghaus et al. 2008) . It is important to note that truncated or highly diverged LTR-RTs may not be annotated (Ellinghaus et al., 2008; Steinbiss et al. 2009 ) and thus our de novo annotations are likely biased toward identifying relatively recent LTR-RT insertions.
Once we concluded the de novo annotation, we conducted a second annotation analysis with LTRharvest and LTRdigest to identify the subset of "intact" LTR-RTs that contain internal protein-coding regions. To find these intact LTR-RTS, we incorporated tRNA sequences from Oryza sativa obtained online from GtRNAdb (Chan and Lowe 2009) and HMM gene models from PFAM (Finn et al. 2010) ). In order to classify a subset of de novo LTR-RTs into a putative superfamily (copia-like, gypsy-like, or LTR-like), we used cd-hit (Weizhong and Godzik 2006) to cluster the de novo elements with the 242 annotated Repbase LTR-RTs following the "80-80-80" rule-i.e., TEs are grouped with a minimum size of 80 bp with at least 80% sequence identity in at least 80% of the aligned sequences . As the Repbase LTR-RTs have a known superfamily and family membership, any de novo LTR-RT that clustered with a Repbase LTR-RT was assigned to the corresponding superfamily and, more conservatively, family.
LTR-RT Methylation Profiles and Proximity to Oryza Genes
Bisulfite sequence (BS-seq) data were obtained from Zemach et al. (2010) , trimmed to 32 bp and mapped with a strict requirement of no mismatches to rice build 5 using BRAT (Harris et al. 2010) . BS-seq reads that did not uniquely map were discarded. On average, the BS-seq data had an average of 2.07-fold coverage. Nucleotides that did not have at least 2Â BS-seq coverage were excluded from the methlylome-i.e., only sites with at least 2Â coverage were included in all subsequent analyses. This restriction meant that a small subset of LTR-RTs had no sites to measure methylation, and these were removed for analysis. Additional LTR-RTs occasionally had only a handful of sites to measure methylation. Because these low-coverage TE insertions do not add a systematic bias to our analyses-in fact, they add measurement noise-their inclusion is conservative with respect to our statistical analyses. However, for additional confirmation, we also excluded LTR-RT loci that did not have at least 100 sites of 2Â BS-seq coverage. Analyses with this subset of LTR-RT loci resulted in qualitatively identical results as with the larger data set; for that reason, we focus on results based on the larger data set.
We estimated the methylation coefficient (MC) across each strand for each LTR-RT as the number of methylated cytosines to the total number of sequenced methylated and unmethylated cytosines in a defined locus (Feng et al. 2010) . We treated the MC in two ways: 1) as a quantitative variable ranging from 0.0 to 1.0 and 2) as a categorical variable that defines hypo-methylated (uLTR-RTs) and hyper-methylated (mLTR-RTs) LTR-RTs. The mLTR-RTs and uLTR-RTs were defined as having an MC one standard deviation above and below the genome-wide MC average, respectively.
We obtained the genomic positions of the mRNA coding sequence for each gene from The Rice Annotation Project Database (build 5; n = 34,781) (Rice Annotation Project 2007 . For each of the de novo LTR-RTs, we identified the closest gene. We further identified "genic" LTR-RTs as those elements that overlapped with gene boundaries. Additionally, we identified LTR-RTs that resided within previously defined pericentromeric regions (Tian et al. 2009 ) and excluded them from the analysis to confirm the patterns are not driven by high methylation patterns expected in heterochromatin regions.
Estimating the Time of LTR-RT Insertion
From the structural annotation of retrotransposons, we aligned the 5 0 and 3 0 LTR sequences of each retrotransposon using ClustalW (Chenna et al. 2003) and calculated the divergence (K) under the Kimura Two Parameter (K2P) model (Kimura 1980 ) using MEGA 5.03. Divergence was then used to calculate the insertion time (T) based on the O. sativa substitution rate (m = 1.3 Â 10 À8 ) Tian et al. 2009 ) as T = K/2. We employed the insertion time as both a quantitative and a categorical statistic, with the latter consisting of "ancient" and "young" LTR-RTs based on 1.0 standard deviation above and below the genome-wide average, respectively. Because sequence divergence between LTRs may underestimate the insertion time due to gene conversion (Kijima and Innan 2010) , we also used branch lengths from the gypsy-like phylogeny to estimate element age (see below). Additionally, we recorded the transition:transversion (Ts:Tv) ratio estimate from the K2P model (using default parameters for the partial deletion model; Tamura et al. 2011 ).
Predictors of LTR-RT Methylation
We constructed and tested models in order to identify which predictor variable(s) (distance to gene, age, LTR-RT size, and Ts:Tv) best predict the response variable, which is the MC of an individual LTR-RT. Using the lm, anova and step functions in R (version 2.11.1), we modeled MC for 3183 LTR-RTs containing nonzero data for nine linear and multiple regression models (Models A-I; see Results). Regression models with more than one predictor variable include the interaction of each predictor. Data were checked for normalcy using both the Q-Q and the residual-versus-fitted plots. Both distance and Ts:Tv deviated from normalcy and were log 10 transformed.
We also conducted a nested analysis of variance (ANOVA) and performed a stepwise test of the Akaike Information Criteria (AIC) from the regression statistics to select the best-fitting model. The model with the minimum AIC (AIC min ) was used as putatively the best model. For each model, we estimated the difference in AIC per model as compared to the AIC min as ÁAIC ¼ AIC min À AIC j j . As in similar studies using similar approaches (Petrov et al. 2010) , one caveat that is not addressed in the modeling analyses is the level of correlation among predictor variables. We present all models but rely more heavily on the single-predictor models to explain their impact on LTR-RT methylation.
Phylogenetic Analysis of Gypsy-like LTR-RTs
Phylogenetic analyses were conducted with INT sequences for gypsy-like de novo LTR-RTs (n = 1,036; see Results section). We aligned INT sequences using Clustalw2 (Larkin et al. 2007) , built maximum likelihood phylogenies using RAxML (1,000 bootstraps; Stamatakis 2006) , rooted the phylogeny with a de novo copia-like element, and viewed the phylogeny using DENDROSCOPE (Huson et al. 2007 ). We analyzed trait conservatism using PHYLOCOM for both phylogenetic signal and LTR-RT trait correlation (MC, proximity to genes, and MBE LTR-RT size) (Webb et al. 2008) . Additionally, the significance of phylogenetic structure and signal were tested using Abouheif's method as implemented in adephylo (Pavoine et al. 2008; Jombart et al. 2010) .
Results
LTR-RTs Annotation in the Rice Genome
De novo annotation identified 5,522 full or nearly full-length LTR-RTs in the japonica rice genome, with 2,498 of these considered "intact" LTR-RTs, in that they harbored identifiable protein domains. We assessed the accuracy and completeness of our LTR-RT set by comparing them to the 242 Repbase Oryza entries. Fully 95% of the Repbase entries aligned to our LTR-RTs, indicating that our de novo set captures the vast majority of well-known LTR-RTs. However, a lower proportion (70%) of our LTR-RTs aligned to Repbase, suggesting that our annotation set also captures some previously unrecognized LTR-RT diversity.
Nonetheless, previous studies of rice LTR-RTs have identified comparable copy numbers through independent de novo annotation surveys (n = 1,219, Gao et al. 2004 ; n = 1,000, ; n = 2,433, Chaparro et al. 2007 ; n = 5,154, Vitte et al. 2007 ; n = 2,226, Baucom et al. 2009; n = 6,460, Xu et al. 2010 ). The annotation method we employed is restricted to identifying LTR-RT elements that are mostly intact (see "Materials and Methods" section), and we have therefore likely underestimated copy number by missing elements that are nested or have lost structural features (e.g., solo LTRs, truncated elements) (Ellinghaus et al. 2008; Steinbiss et al. 2009 ). Nonetheless, our set of >5,000 elements represent a sufficient data set to investigate factors that correlate with methylation.
Methylation Is Negatively Correlated with Insertion Age
We investigated methylation for all 5,522 elements, but 174 did not have BS-seq sequence reads and were therefore excluded from subsequent analyses. The remaining 5,348 had a mean MC of 0.231 (SD = 0.12, median = 0.248), with an average insertion age of 1.5 million years ago (median T = 1.3 mya) ( fig. 1 ). The distribution of the de novo LTR-RT age estimates (range: 0.00-7.93 mya) corresponds closely with previously published insertion dates, with the majority of elements inserting 0.00-6.00 mya (Gao et al. 2004; Baucom et al. 2009 ). We found that 263 LTR-RTs (5%) have insertion dates <14,000 years old, which is approximately the time of rice domestication (Kovach et al. 2007; Sang and Ge 2007; Sweeney and McCouch 2007; Fuller et al. 2009 ), and 99% (n = 5,281) inserted <5 mya. As older LTR-RTs (>5 mya) are likely only partial in their structural features, the de novo annotation method may not identify older elements.
Insertion times of the 5,348 LTR-RTs were significantly negatively correlated with MC; more recently inserted LTR-RTs had higher MC values (r = À0.299, P < 10 fig. 2) . We confirmed this correlation by designating LTR-RTs categorically as either unmethylated or methylated based on one standard deviation from the mean (see Materials and Methods section and fig. 1 ). As expected by the negative correlation, the 1,033 unmethylated LTR-RTs (uLTR-RTs) had a lower mean MC (0.107) than the 655 methylated LTR-RTs (mLTR-RTs) (mean MC = 0.355). In addition, the mLTR-RTs had a mean insertion date of 0.97 mya (median = 0.59), which was significantly lower than the mean insertion date (2.2 mya; median = 2.1) of the uLTR-RTs elements (t-test with unequal variance, P < 10
À81
). Similarly, we designated 1,030 LTR-RT insertion events as "young," with a mean insertion date of 0.29 mya, and 860 elements as "ancient," with a mean insertion date of 2.78 mya (see Materials and Methods section and fig. 1 ). The young and ancient insertions differed significantly in MC, with recent insertions having significantly higher MC levels (mean MC young = 0.28 and MC ancient = 0.17; P < 10 À67 ). In short, the data contained a consistent signal of a negative correlation between insertion age and MC. Given evidence of a methylation trade-off in A. thaliana (Hollister and Gaut 2009), we assessed the physical distribution of 5,348 LTR-RTs with regard to their methylation, age and distance to the closest gene. Beginning with the complete data set, which included LTR-RTs within annotated genic regions, the 1,033 uLTR-RTs were closer to genes than the 655 mLTR-RTs (mean distance 4.7 and 12.5 Kb, respectively; P < 10 À11 ( fig. 3 ). Combining across methylation and age categories, young mLTR-RTs were closer to genes than older mLTR-RTs (9.4 and 30.4 Kb, respectively; P = 0.003). These observations suggest that both methylation and age affect insertion persistence near genes. We repeated these analyses after removing genic LTR-RTs (i.e., LTR-RTs located within transcription units), because previous analyses suggested that TEs within genic regions have different methylation dynamics and may therefore obscure patterns for intergenic regions (Hollister and Gaut 2009). . Average distance (Kb indicated in the parentheses) from the gene boundary (black box) to the LTR-RT (pairwise t-test: *P < 0.05, **P < 0.001, NS, nonsignificant). In the 5,438 data set which include 1,188 "genic" LTR-RTs (represented by the triangle): n young,uLTR-RT = 113, n ancient,uLTR-RT = 356, n young,mLTR-RT = 234, n ancient,mLTR-RT = 51; in the 4,160 data set which includes only nongenic LTR-RTs: n young,uLTR-RT = 68, n ancient,uLTR-RT = 80, n young,mLTR-RT = 214, n ancient,mLTR-RT = 48.
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Retrotransposon Dynamics in Japonica Rice . doi:10.1093/molbev/mss129 MBE Nonetheless, the subset of 4160 nongenic LTR-RTs revealed again that mLTR-RTs have an age bias with respect to their distance from gene ( fig. 3, right panel) . In general, mLTR-RTs are significantly younger than uLTR-RTs and, if a nongenic element is ancient, it is located farther from genes (supplementary tables S1 and S2, Supplementary Material online). We further identified a set of 1,028 pericentromeric LTR-RTs to assess whether they somehow drive the patterns we have identified. As expected, pericentromeric LTR-RTs were located significantly farther from genes than nonpericentromeric LTR-RTs (Distance: pericentromeric = 23 Kb; nonpericentromeric = 8 Kb; P = 10 À39 ), but they were not significantly older as a group (T pericentromeric = 1.6 mya; T nonpericentromeric = 1.5 mya; P = 0.2565). Importantly, when we repeated our analyses for 3,216 nonpericentromeric and nongenic elements, we again found higher methylation patterns among younger LTR-RTs (T uLTR = 1.7 mya, T mLTR = 0.93 mya, P = 10
À15
; MC young = 0.29, MC ancient = 0.22, P = 10 À17 ). In conclusion, young elements were consistently methylated.
Predictors of LTR-RT Methylation Status
To investigate the factors that affect LTR-RT methylation more formally, we analyzed a set of linear regression models with LTR-RT insertion age, distance to the nearest gene, size, and Ts:Tv ratio as predictor variables (Petrov et al. 2010 ). Using a step-wise ÁAIC-based model selection method, we assessed predictor variables across the subset of all de novo nongenic (n = 3,183) LTR-RTs with nonzero data. We included Ts:Tv rates as a predictor both because higher rates have been attributed to elevated C-to-T transition rates for methylated cytosines (SanMiguel et al. 1998; Baucom et al. 2009 ) and because Ts:Tv have been used as a proxy for MC when methylation data are unavailable (e.g., Baucom et al. 2009 ). Starting with models containing a single predictor variable, we found that LTR-RT size was the best single predictor and correlated positively with methylation for the total data set (P < 10 À15 ), with age as the next-best predictor of MC (P < 10 À15 ), and finally Ts:Tv (P = 0.0003) (table 1). The multivariate models best explained MC patterns for all LTR-RTs when both size and age were included as predictors (table 1) .
Comparisons among LTR-RT Superfamilies
We conducted a single-linkage cluster analysis to assign membership of a subset of de novo elements-those "intact" LTR-RTs with annotated protein domains -to a superfamily based on their homology to 242 known Repbase LTR-RTs and following the "80-80-80" TE classification rule . Of the 2396 de novo LTR-RTs, we classified 1220 into the gypsy, copia and LTR-like superfamilies (table 2). The resulting proportions of LTR-RTs per superfamily were comparable to previous findings. For example, Gao et al. (2004) identified 990 gypsy-like and 229 copia-like LTR-RTs, and gypsy-like elements were also found to be most numerous by McCarthy et al. (2002) .
We contrasted age and methylation status among superfamilies, and there were apparent differences (table 2) . For example, copia-like LTR-RTs were the least methylated, the youngest and inserted closest to genes (table 2) compared to gypsy-like (MC P < 10 À4 , distance P < 10
À11
) and LTR-like elements (MC P = 0.013, distance P = 0.001). In contrast, the LTR-like elements were significantly older (copia-like: P < 10
À13
; gypsy-like: P < 10
À12
) and farther from genes compared to copia-like elements (distance P = 0.00061). Our linear regression models did not include evolutionary information. That is, they did not include the possibility that LTR-RT methylation is phylogenetically structured. In addition, branch-lengths provide an alternative (although limited; see "Discussion" section) method to estimate insertion times. We turned to gypsy-like elements for our phylogenetic analyses because of the large sample size. Of our 887 gypsy-like elements, 572 had an identifiable INT domain that we used to estimate a global phylogeny and explore the diversification and methylation of LTR-RTs. The phylogram has a topology indicative of rapid TE amplification and integration events: numerous short branches creating clusters that are separated by few long branches (Supplementary fig. S1, Supplementary Material online) . However, the majority of the 572 gypsy-like LTR-RT INT sequences (n = 538) fell within three well-separated clades of >80% bootstrap support, and we designated these as clades A, B, and C (Supplementary figs. S1 and S2, Supplementary Material online) and used them as the basis for additional analyses. The three clades tended to contain representatives from different gypsy families (Supplementary fig. S2 , Supplementary Material online). We analyzed the three clades of the gypsy-like LTR-RT phylogeny for clustering of three traits: methylation, distance to the nearest gene, and the LTR-RT size. Using Abouheif's significance testing method, all three traits had significant phylogenetic signal across all three clades (P < 0.005) (fig. 4) .
As an alternative method for estimating the time since LTR-RT insertion, we used branch lengths from the gypsylike phylogeny. We found that LTR-RT methylation was negatively correlated with branch length; younger gypsy-like LTR-RTs have higher methylation coefficients (n = 572, r = À0.294, P = 7.4e-13) (Supplementary fig. S3A , Supplementary Material online). If LTR-based age estimates were unbiased, there should be a close correspondence between the divergence-based and branch-length age estimates. We found a weak but significant positive correlation between the two sets of estimates (r = 0.174, P = 2.77e-5) (Supplementary fig.  S3B , Supplementary Material online).
Discussion
Our genome-wide investigation of 5,348 de novo annotated LTR retrotransposons in the japonica rice genome revealed that >90% of LTR-RTs are methylated to some extent, consistent with previous studies showing that repetitive DNA is heavily methylated in rice, A. thaliana and early diverging land plants (Zilberman et al. 2007; Lister et al. 2008; Feng et al. 2010; Zemach et al. 2010) . Although TE methylation can be tissue specific (Zilberman et al. 2007 ), the prevalence of TE methylation in both plants and vertebrates suggest that the primary function of DNA methylation is the suppression of TE activity (Feng et al. 2010; Lisch and Bennetzen 2011) . If so, methylation is a key component of the evolutionary interaction between TE replication and the host defense (Lisch 2009 ). Retrotransposon Dynamics in Japonica Rice . doi:10.1093/molbev/mss129
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Most genome-wide studies have averaged methylation patterns across all repetitive DNA in the genome (Zilberman et al. 2007; Lister et al. 2008; Feng et al. 2010; Zemach et al. 2010 ) without examining methylation levels of individual TE insertions. However, studies of two Arabidopsis species-A. thaliana and A. lyrata-have assessed the methylation of individual TEs by measuring small interfering RNA (siRNAs) (Hollister et al. 2011) . Because siRNAs target genomic sequences for DNA methylation, the assessment of siRNAs provides an indirect (but highly correlated) measure of DNA methylation (Lisch and Bennetzen 2011; Schmitz et al. 2011) . These Arabidopsis studies suggest that methylation levels vary among TE insertions as a function of the TE family, genomic location, age, length and even across species (Hollister and Gaut 2009; He et al. 2012) . In general, however, longer TE elements in Arabidopsis are more heavily targeted for methylation, as are younger elements and elements near genes (Hollister and Gaut 2009) . These studies suggest that the pattern of methylation is a crucial feature of plant genomes, because TE insertions have the capability of altering gene expression (e.g., Lipman et al. 2004) , thereby affecting the strength of natural selection against TE insertions and ultimately the structure and function of plant genomes.
To date, it has been unclear whether observations from Arabidopsis are general, because the pattern of methylation for individual TE insertions has not been studied in other higher plants. Here, we turned to LTR-RTs in japonica rice both because BS-seq data are available for rice (Zemach et al. 2010 ) and because LTR-RTs are a major component of plant genomes that can be reliably identified by de novo methods (Ellinghaus et al. 2008; Steinbiss et al. 2009 ). After identifying and assessing the MC of intact LTR-RTs, we investigated the relationship of MC with the size, distance, insertion age and Ts:Tv ratio of individual insertions. Based on our model analyses (table 1), the best predictor of MC is insertion size-i.e., longer elements are more likely to be targeted for methylation. Another major predictor is the insertion age; we found that mLTR-RTs have younger insertion dates on average (970,000 ya) than uLTR-RT elements (2.2 mya). The Ts:Tv ratio also predicts methylation status, suggesting it is a reasonable but imperfect proxy for methylation (Baucom et al. 2009 ). Finally, the distance of an element from a gene is not always a significant predictor of MC (table 1), but there is a pervasive relationship between the age of an element and its distance to a gene ( fig. 3) . Most of these variables-MC, LTR-RT size and the distance to a gene-are also correlated with phylogenetic relatedness. However, before interpreting these series of observations we first consider the limitations our study.
Caveats of Identification and Analysis
Our results must be considered in the context of three caveats. First, the de novo annotation method is limited to retrotransposons that retain canonical sequence structures. Older elements have accumulated structural changes that render them unrecognizable, because they are removed from the genome via DNA rearrangement . As a result, our set of 5,348 LTR-RTs is probably biased toward recent insertions. It seems unlikely, however, that correcting this bias would affect our inferred correlations with MC, as older elements tend to be less methylated and located farther from genes ( fig. 3) . Furthermore, older elements are likely to be transcriptionally inactive due to structural changes and may thus be less prone to silencing by some epigenetic mechanisms.
A second caveat is that age estimates based on the divergence of LTR sequences may underestimate the age of an insertion due to inter-locus gene conversion between these sequences structures (Kijima and Innan 2010) . This particular bias can be avoided by using phylogenetic branch-lengths to estimate age. However, branch-lengths are probably biased upwards because TEs that are deleted from the genome leave longer uninterrupted terminal branches. As a consequence, it is not surprising that divergence-based and branch-based age estimates for gypsy elements are only moderately (r = 0.174) but significantly (P < 0.0001) correlated. Nonetheless, both age estimates are negatively correlated with MC. Thus, while neither the divergence-based or branch-based estimates of age are particularly reliable, they both suggest that younger insertions are more highly methylated.
A final caveat is that we cannot assess the generality of our results. Other TEs may have different dynamics; for example, mPing elements in rice seem to insert near genes and may enhance expression of nearby genes (Naito et al. 2009 ), although in this particular study the insertions were very recent and probably unmethylated (Tenaillon et al. 2010 ). Eventually, an analysis across all classes of rice TEs will be helpful, but other TE families are not as straightforward to classify by insertion age and thus the study of LTR-RTs is a reasonable first step for investigating the relationship between insertion age and methylation. Additionally, the dynamics of transposition and methylation may differ among plant families and orders. Notably, nearly all of the LTR-RTs annotated in this study have inserted in the past 6 million years, substantially after the divergence of the cereals (50-70 mya) and the monocots and dicots (200 mya) (Goff et al. 2002) , and only 8% of the LTR-RTs have inserted after rice domestication (8,200-13,500 ya) (Kovach et al. 2007; Sang and Ge 2007; Sweeney and McCouch 2007; Fuller et al. 2009 ). Although the methylation of TEs is highly conserved throughout plant evolution (Zilberman et al. 2010) , it is entirely possible that methylation biases and patterns differ among species.
Evolutionary Explanations for Methylation Patterns
To the extent that our inferences are accurate, what do the patterns of LTR-RT methylation reveal about host-TE interactions and plant genome evolution? One possibility is that the phylogenetic correlation among related LTR-RTs is a driving force in methylation dynamics. Our phylogenetic data from gypsy-like elements are clearly consistent with bursts of transposition that result in operational taxonomic unit (OTU)-rich clades connected by short branch lengths (fig. 4) . Because bursts of TE amplification produce new 3200 vonHoldt et al. . doi:10.1093/molbev/mss129 MBE elements with high sequence similarity, siRNAs that target one of these LTR-RTs likely have cross-homology to the rest of the LTR-RTs in a clade. Thus, once a proliferating LTR-RT becomes a target of de novo methylation-perhaps by the detection and processing of an aberrant double strand transcript (Lisch and Bennetzen 2011)-so do several similar LTR-RTs. There is, however, a complication: in Arabidopsis species, siRNAs that map to multiple TE insertions are less proficient at silencing TE transcription (Hollister et al. 2011) . If this is true in rice and other plants, it implies that a burst of TE transposition is countered by inefficient silencing, suggesting the host defense has a "lag phase" before it "catches up" to control the transposition process.
While it is difficult to disentangle the role of phylogeny from other features of LTR-RTs, our data are consistent with studies of Arabidopsis species in which methylation levels are correlated strongly with TE size (table 1). The reason for this correlation is not yet clear, but it may be due to mechanical and probabilistic features of the epigenetic response. To understand this point, one first has to realize that DNA methylation requires expression of RNAs, such as from TE gene expression or from RNA polymerase V (polV) mediated expression of long noncoding RNAs (Baulcombe 2004) . Whatever the source, these RNAs may be processed into siRNAs to guide methylation complexes. When the RNA comes from active TEs, the siRNAs will preferentially target TEs with intact coding regions, which tend to be longer than their nonautonomous counterparts. Similarly, long TEs may be more likely to be expressed by polV simply because shorter TEs are more likely to evade expression.
The fact that MC is negatively correlated with TE age relates to this discussion, because younger TEs have been active more recently and are thus more apt to generate RNAs. However, the observation that older TE insertions tend to be further from genes than more recent insertions ( fig. 3 ) requires additional discussion. One possible explanation for this age structure is that new LTR-RTs insert near genes, due to preferential integration (Vitte et al. 2007; Lisch and Bennetzen 2011) . Integration may be favored near genes because the open euchromatin associated with actively transcribing region provides opportunities for TE insertion into gene-dense regions (Levin and Moran 2011) . However, it is also possible that LTR-RT removal is more rapid in gene-rich regions, for two reasons. First, unequal recombination is a potent force for LTR-RT removal (Vitte and Panaud, 2003) , and this force may be more effective in genic regions where recombination rates are high (Tian et al. 2009 ). Second, TE insertion and methylation can impact expression of nearby genes (Weil and Wessler 1990; Lippman et al. 2004; Lisch 2009) ; if that impact is negative for fitness, it will lead to selection against the offending TE insertion (Hollister and Gaut 2009) . In contrast, selection may be less prone to drive the loss of LTR-RT insertions far from genes, because they are less apt to perturb gene expression and have fitness consequences. This fitness explanation presumes that selection is strong against TE insertions near genes; ultimately population genetic studies of the strength of selection on individual TE insertions are needed to discriminate between recombination and selection as mechanisms of TE removal.
We conclude that patterns of methylation in LTR-RTs are a complex function of several factors. The most prominent are LTR-RT size and age, but both of these are, like MC, also correlated with phylogenetic history. It is thus difficult to disentangle the influence of history on methylation status from categorical descriptors. Nonetheless, our study suggests a dynamic system that produces variance in methylation levels among TE insertions as a function of size, location and age. Yet, key questions remain. First, if phylogenetic history drives methylation patterns, what are the conditions that allow a TE to escape host defenses and proliferate to form a clade of closely related elements? Second, once they do proliferate, how does the genome overcome a potential lag in response to ultimately control active elements? Third, do TEs near genes influence expression in rice on a genomic scale, as they do in Arabidopsis, providing evidence that the methylation trade-off holds in rice? If so, is this trade-off a general feature of plant genome structure and function, even for genomes like maize that are replete with TE insertions? A number of evolutionary, bioinformatic and experimental approaches are needed to answer these questions, particularly more methylome data from higher plants to facilitate comparative studies.
Supplemental Material
The genomic coordinates for the 5,348 de novo annotated LTR-RTs are available in Supplementary table S3. Supplementary figs. S1-S3 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/) along with the alignment file for the INT coding domain for 535 gypsy-like LTR-RTs with one copia-like LTR-RT as an outgroup.
